Piceatannol, a resveratrol metabolite, is a phenolic compound found in red wine and grapes. We investigated the effect of piceatannol on renal fibrosis and histone deacetylase (HDAC) expression in a mouse model of unilateral ureteral obstruction (UUO). Fibrosis was established by UUO and piceatannol was intraperitoneally injected for 2 weeks. Piceatannol suppressed extracellular matrix (ECM) protein deposition including collagen type I and fibronectin as well as connective tissue growth factor (CTGF) and α-smooth muscle actin (α-SMA) in UUO kidneys. However, the expressions of epithelial-mesenchymal transition (EMT) marker genes, such as N-cadherin and E-cadherin, were not changed in the kidneys after UUO. Masson's trichrome staining and fluorescence immunostaining showed that piceatannol administration attenuated collagen deposition in UUO kidneys. HDAC1, HDAC4, HDAC5, HDAC6, and HDAC10 protein expression was upregulated in UUO kidneys, whereas that of HDAC8 was downregulated. Piceatannol treatment significantly reduced HDAC4 and HDAC5 protein expression. Further, piceatannol attenuated phosphorylation of p38 mitogen-activated protein kinase (p38-MAPK) in UUO kidneys, but not that of transforming growth factor beta1-Smad2/3. These results suggest that class I HDACs and class IIa/b HDACs are involved in renal fibrosis development. Piceatannol may be a beneficial therapeutic agent for treating renal fibrosis via reduction of HDAC4 and HDAC5 protein expression or suppression of the p38-MAPK signaling pathway.
Introduction
Renal fibrosis is characterized by the accumulation of extracellular matrix (ECM) proteins, activation of myofibroblasts and fibroblasts, and tubular atrophy [1] [2] [3] . During fibrosis, interstitial fibroblast activation, pericyte differentiation, epithelial-mesenchymal transition (EMT) of tubular epithelial cells, and recruitment of fibrocytes are involved in the activation of
Materials and Antibodies
Piceatannol was purchased from Future Chem (Seoul, Korea). Anti-alpha smooth muscle actin (α-SMA; 1:1000, sc-130617), anti-CTGF (1:1000, sc-14939), anti-HDAC3 (1:1000, sc-11417), anti-HDAC4 (1:1000, sc-11418), anti-HDAC5 (1:1000, sc-133225), anti-TGF-β1 (1:1000, sc-146), anti-JNK (1:1000, sc-7345), anti-ERK1 (1:1000, sc-271269), and anti-GAPDH (1:1000, sc-32233) antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Primary antibodies against collagen type I (1:1000, ab34710), HDAC2 (1:1000, ab12169), HDAC8 (1:1000, ab137474), and HDAC10 (1:1000, ab53096) were purchased from Abcam (Cambridge, MA, USA). Anti-fibronectin antibody (1:1000, MA5-11981) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Anti-HDAC1 antibody (1:1000, 06-720) was purchased from Merck Millipore (Darmstadt, Germany). Anti-HDAC6 (1:1000, 7612), anti-Smad3 (1:1000, 9523), anti-Smad2 (1:1000, 3103), anti-Smad4 (1:1000, 9515), anti-p-Smad3 (1:1000, 9520), antip-JNK (1:1000, 9251), anti-p-p38 (1:1000, 4511), anti-p-ERK1/2 (1:1000, 4370), and anti-p38 (1:1000, 8690) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).
Western Blot Analysis
Western blotting was performed as described previously [31] . Cell lysates were prepared with RIPA buffer (150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 50 mM Tris-HCl pH 7.5, 2 mM EDTA, 1 mM PMSF, 1 mM DTT, 1 mM Na 3 VO 4 , and 5 mM NaF) containing a protease inhibitor cocktail (Calbiochem, EMD Millipore Corp., Billerica, MA, USA). Proteins were separated using 8% SDS-PAGE and were then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were probed with the indicated antibodies and developed using Immobilon Western Detection Reagents (Millipore, Billerica, MA, USA). The Bio-ID software was used to quantify protein expression (Vilber Lourmat, Eberhardzell, Germany). All experiments were performed in triplicate.
Quantitative Real Time Polymerase Chain Reaction
Total RNA was isolated with TriZol reagent (Invitrogen Life Technologies, Waltham, MA, USA), and 1 μg of RNA was used for the reverse transcription reaction using TOPscript RT DryMIX (Enzynomics, Daejeon, South Korea). The mRNA amounts were determined using the SYBR Green PCR kit (Enzynomics, Daejeon, South Korea). The relative expression level of the indicated genes was compared to that of GAPDH by using the 2-ΔΔct method. PCR was performed using the following oligonucleotide primers: for collagen type I, sense, 5'-GAGCGGAGAGTACTGG ATCG-3', and antisense, 5'-GCTTCTTTTCCTTGGGGTTC-3'; for fibronectin, sense, 5'-GATG CACCGATTGTCAACAG-3', and antisense, 5'-TGATCAGCATGGACCACTTC-3'; for CTGF, sense, 5'-CAAAGCAGCTGCAAATACCA-3', and antisense, 5'-GGCCAAATGTGTCTTCCA GT-3'; for α-SMA, sense, 5'-ACTGGGACGACATGGAAAAG-3', and antisense, 5'-AGAGGCA TAGAGGGACAGCA-3'; for GAPDH, sense, 5'-GCATGGCCTTCCGTGTTCCT-3', and antisense, 5'-CCCTGTTGCTGTAGCCGTATTCAT-3'.
Histology and Masson's Trichrome Staining
Kidney tissues were fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 3-μm-thick sections. Hematoxylin and eosin (H&E) staining was performed to assess the histological morphology. The kidney tissue section slides were incubated in Gill's hematoxylin for 5 min, washed with tap water, incubated in 95% ethanol, and stained with eosin and phloxine for 1 min. Subsequently, the sections were dehydrated in ethanol and xylene, and were mounted with Canada balsam.
For Masson's trichrome staining, after deparaffinization with xylene, the sections were treated with Bouin's solution at 56˚C for 30 min and were washed under running tap water until the sections were clear. The sections were subsequently stained with Weigert's hematoxylin (A:B = 1:1), followed by staining with Biebrich Scarlet/Acid Fuchsin solution for 10 min and washing with distilled water. The sections were incubated with phosphotungstic acid/ phosphomolybdic acid solution for 10 min and were treated with Aniline Blue solution for 15 min. They were subsequently incubated with acetic acid for 1 min and were dehydrated with ethanol and xylene. Collagen depositions, nuclei, and muscle fibers were stained blue, black, and red, respectively.
Immunofluorescence Staining
After standard histological processing procedures, immunostaining was performed using collagen type I antibody. The sections were deparaffinized in xylene and rehydrated with graded alcohol. Antigen retrieval was performed using 10 mM citrate-phosphate buffer (pH 6.0), the sections were subsequently blocked with 3% goat serum for 1 h, incubated with anti-collagen type I antibody (1:100, Abcam) at 4˚C overnight, and incubated with Alexa Fluor 488 goat anti-rabbit IgG antibody (1:200, Invitrogen) for 1 h. Sudan black B solution was used to reduce autofluorescence. The sections were counterstained with DAPI and images were acquired using fluorescence microscopy (Nikon Eclipse 80i, Tokyo, Japan).
Statistics
Statistical analysis was performed using one-way ANOVA followed by the Bonferroni posthoc test for comparative analysis between the treatment groups (GraphPad Prism, version 5.0; GraphPad Software, La Jolla, CA, USA). The data are presented as the means ± SD. A P value of <0.05 was considered statistically significant.
Results

Piceatannol reduces ECM protein and fibrosis marker expression in the UUO kidney
To determine whether piceatannol might have a therapeutic effect on renal fibrosis, we administrated vehicle or piceatannol (50 mg/kg/day) to UUO mice for 2 weeks. To evaluate whether piceatannol could affect the transcript levels of ECM and fibrosis markers, we performed qRT-PCR in kidney tissues. The mRNA levels of collagen type I, fibronectin, CTGF, and α-SMA were significantly enhanced in the UUO group compared with those in the control group. The increase was inhibited by piceatannol (Fig 1A-1D) .
As shown in Fig 2A-2C , UUO increased the ECM proteins collagen type I and fibronectin, but the increase was significantly suppressed by piceatannol treatment. α-SMA is a myofibroblast marker involved in organ fibrosis [32] . We observed that UUO-induced α-SMA expression was significantly reduced by piceatannol administration (Fig 2A and 2D) . CTGF is a matricellular protein related to tissue and wound repair and fibrotic pathology [33] . UUOinduced CTGF expression was ameliorated by treatment with piceatannol (Fig 2A and 2E) . No changes in the expression of ECM proteins and fibrosis markers were observed in the control mice treated with piceatannol.
EMT gene expression is not changed in the UUO kidney
EMT is characterized by the loss of epithelial cell polarity and cell-to-cell adhesion as well as gain of mesenchymal cell migration. EMT is associated with renal fibrosis [34, 35] . We performed western blot analysis to investigate whether piceatannol could affect EMT. Unexpectedly, we found that N-cadherin protein expression was not increased in UUO kidneys but that piceatannol significantly reduced N-cadherin expression (Fig 3A and 3B ). In addition, we observed that E-cadherin was not downregulated in UUO kidneys (Fig 3A and 3C) . Thus, these results indicated that downregulation of E-cadherin and upregulation of N-cadherin was not implicated in UUO-induced renal fibrosis.
Piceatannol does not affect UUO-induced tubular atrophy
We examined the changes in kidney weight in UUO. A tendency for a decreased weight of the UUO kidney was observed compared to that of the contralateral kidney, regardless of treatment with piceatannol ( Fig 4A) .
Severe morphological changes or a rumpled appearance were observed in the UUO kidney compared to the contralateral kidney (Fig 4B, upper panel) . Histologically, the contralateral kidney had a normal cortex, outer medulla, and inner medulla structure, whereas the medulla One day after UUO surgery, the mice received an intraperitoneal injection of vehicle or piceatannol (50 mg/kg/day) for 2 weeks. (A) Protein lysates from kidney tissues were prepared and were analyzed using western blotting. Anti-collagen 1, fibronectin, α-SMA, and CTGF antibodies were used. GADPH was used as a loading control. Representative immunoblots. (B-E) Protein levels were quantified using densitometry. The data are expressed as the means ± SD of the mice (n = 6 per group). ***P<0.001 compared with the contralateral kidney. 
Piceatannol ameliorates renal fibrosis in the UUO kidney
We performed Masson's trichrome staining to further assess whether piceatannol might be a therapeutic agent for renal fibrosis. As shown in Fig 5A , deposition of interstitial collagen was not observed in the vehicle-treated contralateral kidney and piceatannol-treated contralateral kidney (left, upper panel and lower panel). Interstitial fibrosis was increased in the UUO kidney (right, upper panel), whereas it was attenuated by piceatannol treatment (right, lower panel). Immunofluorescence staining showed that collagen type I expression was increased in the peritubular and periglomerular interstitium in the UUO kidney, which was attenuated by piceatannol treatment (Fig 5B) .
HDAC1 protein expression is upregulated in the UUO kidney
Dysregulation of HDACs is associated with several diseases [36] . We performed western blot analysis to investigate whether HDAC expression was changed in the UUO kidney.
First, we examined the protein expression of class I HDACs including HDAC1, HDAC2, HDAC3, and HDAC8. As shown in Fig 6A, HDAC1 protein levels were significantly increased One day after UUO surgery, the mice received an intraperitoneal injection of vehicle or piceatannol (50 mg/kg/day) for 2 weeks. (A) Protein lysates from kidney tissues were prepared and were analyzed using western blotting. N-cadherin and E-cadherin antibodies were used. GADPH was used as a loading control. Representative immunoblots. (B-C) Protein levels were quantified using densitometry. The data are expressed as the means ± SD of the mice (n = 6 per group). NS indicates not significant. in the UUO kidney than that in the contralateral kidney. However, piceatannol treatment did not reduce the level of HDAC1 protein (Fig 6B) . HDAC2 and HDAC3 protein expression was unchanged in the UUO kidney (Fig 6C and 6D) , whereas that of HDAC8 was decreased in the (A) Kidney protein lysates were analyzed using western blotting. Antibodies against HDAC1, HDAC2, HDAC3, and HDAC8 were used. GAPDH was used as a loading control. (B-E) Quantification analysis was performed using densitometry. The data are expressed as the means ± SD of the mice (n = 6 per group). *P<0.05 and ***P<0.001 compared with the contralateral kidney. NS indicates not significant. doi:10.1371/journal.pone.0167340.g006
The Regulation of Renal Fibrosis by Class IIa HDACs UUO kidney (Fig 6E) . These results indicate that class I HDACs may not play a major role in UUO-induced renal fibrosis.
Piceatannol attenuates UUO-induced HDAC4 and HDAC5 protein expression
Class II HDACs are divided into two subgroups. Class IIa includes HDAC4, HDAC5, HDAC7, and HDAC9; class IIb includes HDAC6 and HDAC10 [37] . We next examined expression of HDAC4, HDAC5, HDAC6, and HDAC10 in the UUO kidney. As shown in Fig  7A, the protein levels of HDAC4, HDAC5, HDAC6, and HDAC10 were significantly increased in the UUO kidney compared to those in the contralateral kidney. Treatment with piceatannol reduced the UUO-induced protein expression of HDAC4 and HDAC5 (Fig 7B and 7C) but not that of HDAC6 and HDAC10 (Fig 7D and 7E) .
Piceatannol attenuates UUO-induced p38-MAPK activation but not TGF-β1-Smad2/3 pathway activation TGF-β/Smad signaling is a critical mediator of renal fibrosis [38] . We performed western blot analysis to determine whether piceatannol affected TGF-β/Smad signaling. Protein expression of TGF-β1, Smad2, and Smad3 was significantly increased in the UUO kidney (Fig 8A-8D) , and was not reduced by piceatannol treatment. Similarly, UUO-induced phosphorylation of Smad3 (Ser423/425) was not suppressed by piceatannol treatment. In contrast, Smad4 protein expression significantly reduced in the UUO kidney (Fig 8A and 8E) . TGF-β/Smad signaling interacts with MAPK signaling in renal fibrosis [39] [40] [41] [42] . To assess whether piceatannol affected TGF-β1-induced MAPK signaling, we examined the protein expression of JNK2, ERK1, and p38 in the UUO kidney. As shown in Fig 9A-9E , the phosphorylated state of JNK2 (Thr183/Tyr185), ERK1 (Thr202/Tyr204), and p38 (Thr180/Tyr182) was increased in the UUO kidney compared to that in the contralateral kidney. Expression of phosphorylated JNK2 and ERK1 proteins was not reduced by piceatannol treatment. Unexpectedly, we observed that the expression of non-phosphorylated JNK2 and ERK1, except p38-MAPK, also increased in the UUO kidney compared to that in the control kidney (Fig 9A) . Of note, the ratio of phosphorylated p38 to total p38 significantly reduced in the piceatannol-treated UUO kidney compared to that in the UUO kidney (Fig 9A and 9F) .
Discussion
The present study demonstrates that piceatannol attenuates renal fibrosis in a mouse model of UUO. As explained in Fig 10, we suggest that the anti-fibrotic effect of piceatannol is related to the inhibition of the TGF-β1/Smad-independent pathway but not to that of the TGF-β1/ Smad-dependent pathway in the UUO-induced fibrosis model. Unexpectedly, piceatannol treatment did not reduce the upregulation of TGF-β1, Smad2, and Smad3 as well as that of phosphorylated Smad3 expression in the UUO kidney. Of note, piceatannol attenuated phosphorylated p38-MAPK in the UUO kidney. Our findings indicate that the anti-fibrotic effect of piceatannol may be associated with downregulation of class IIb HDAC protein expression (HDAC4/5). However, we could not demonstrate a link between HDAC4/5 and MAPK signaling or TGF-β1/Smad signaling, nor a direct association between HDAC4/5 and renal fibrosis.
UUO kidney tissues exhibit interstitial fibrosis and severe morphological changes. Masson's trichrome staining showed that the increased accumulation of collagen in the UUO kidney was ameliorated by piceatannol treatment. Piceatannol reduced the collagen type I mRNA and protein level in the obstructed kidney 14 days after UUO surgery. Immunofluorescence staining demonstrated that renal collagen type I expression was decreased by piceatannol treatment. Fibronectin is another ECM glycoprotein involved in cell adhesion, wound healing, and GAPDH was used as a loading control. (B-E) Quantification analysis was performed using densitometry. The data are expressed as the means ± SD of the mice (n = 6 per group). *P<0.05 and ***P<0.001 compared with the contralateral kidney. fibrosis [43, 44] . In our study, the contralateral kidney showed a low fibronectin expression, whereas the expression was greatly induced in the UUO kidney. Piceatannol treatment (A) Kidney lysates were used for western blot analysis. Antibodies against TGF-β1, p-Smad3 (Ser423/425), Smad3, Smad2, and Smad4 were used. GAPDH was used as a loading control. (B-E) Quantification analysis was performed using densitometry. The data are expressed as the means ± SD of the mice (n = 6 per group). **P<0.01 and ***P<0.001 compared with the contralateral kidney. NS indicates not significant compared with the UUO kidney.
doi:10.1371/journal.pone.0167340.g008
The Regulation of Renal Fibrosis by Class IIa HDACs significantly suppressed fibronectin mRNA and protein expression in the UUO kidney. Fibroblast-to-myofibroblast transition is implicated in renal fibrosis [45] . α-SMA is a representative marker of myofibroblast activation [46] . We found increased α-SMA mRNA and protein expression in the UUO kidney, and this was reduced by piceatannol treatment. CTGF showed results similar to those observed for α-SMA. The UUO-induced increase in fibrosis-related gene expression including collagen type I, fibronectin, α-SMA, and CTGF was consistent with that found in previous studies [47] [48] [49] . The upregulation of fibrosis-related genes is related to changes in renal structure in the UUO kidney. Tubular atrophy and dilatation was observed in the UUO kidney as determined using H&E staining. These morphological changes were consistent with those shown in previous studies [50] [51] [52] . N-cadherin is a marker of mesenchymal changes in fibrosis, whereas E-cadherin is a hallmark of epithelial features [35] . In the present study, we did not observe a change in EMT marker gene expression in the UUO kidney.
Studies of the effects of piceatannol on renal fibrosis are limited to obese rat models, while the effects of resveratrol have been studied in several animal models, including models of renal ischemia-reperfusion injury, UUO, diabetes (db/db mice), hypertension (spontaneously hypertensive rats, SHR), renovascular hypertension, and obesity (obese Zucker rats) ( Table 1) . As shown in Table 1 , resveratrol has a protective effect against renal fibrosis and renal injury. Therefore, we expect that piceatannol may have similar renal protective effects as those observed for resveratrol.
HDACs are enzymes that remove the acetyl group at the N-terminal region of histone and non-histone proteins [53] . Dysfunction of HDACs is involved in a variety of diseases [53] . For example, overexpression of HDAC1, HDAC2, HDAC4, HDAC6, and HDAC7 has been observed in various cancers. To the best of our knowledge, the present study is the first to show that HDAC1 and most members of class IIa/b HDACs are associated with renal fibrosis. Among the class I HDACs, HDAC1 expression increased in the UUO kidney, which was not reduced by piceatannol treatment. The observed UUO-induced HDAC1 expression was in accord with the finding of a previous report [15] . Further, Tian et al. reported that HDAC1 mRNA and protein expression increased in aristolochic acid I-induced renal fibrosis [54] . Of The Regulation of Renal Fibrosis by Class IIa HDACs the class II HDACs assessed, the protein expression of HDAC4, HDAC5, HDAC6, and HDAC10 highly increased in the UUO kidney. Interestingly, HDAC4 and HDAC5 protein expression was downregulated by piceatannol treatment. Considering the findings that the anti-fibrotic effect of piceatannol was related to the reduced expression of HDAC4 and HDAC5, future studies are needed to determine the effect of class IIa-selective HDAC inhibitors (for example LMK235, a selective HDAC4 and HDAC5 inhibitor) in the UUO model. In addition, it is important to investigate whether the anti-fibrotic effect of piceatannol is related to inhibition of HDAC activity. Pharmacological HDAC inhibitors such as trichostatin A or MS-275 were protective against renal fibrosis in a rodent model of UUO [55] [56] [57] , indicative of an anti-fibrotic effect of HDAC inhibitors via inhibition of HDAC enzyme activity. Natural products (piceatannol and resveratrol) are known activators of SIRT1, a class III HDAC. Both these polyphenol compounds increased SIRT1 mRNA and protein expression in the THP-1 monocytic cell line [58] . Piceatannol is also known as a dietary HDAC activator, and binds to a conserved N-terminal domain in SIRT1 [59] . In the present study, we did not examine SIRT1 expression in the UUO kidney. However, a recent study showed that renal fibrosis was inhibited by treatment of UUO mice with the SIRT1/2 inhibitor sirtinol or SIRT1 inhibitor EX527 [60] . This result raises doubts about the protective role of SIRT1 in renal fibrosis.
However, our results showed that administration of piceatannol reduced the UUO-induced class II HDACs (HDAC4 and 5) protein levels. This finding indicates that piceatannol may be considered to be acting a dietary HDAC inhibitor rather than a HDAC activator in this model. As mentioned above, our findings are supported by several studies showing that renal fibrosis was attenuated by the pan-HDAC inhibitor TSA [57] , class I HDAC inhibitor MS-275 [56] , and HDAC6-selective inhibitor Tubastatin A [16] .
Piceatannol is a metabolite of resveratrol and is present in red wine, grapes, berries, and several plants. Sim fruit (Rhodomyrtus tomentosa) has a higher piceatannol content than that of blueberries and red grapes [61] . Piceatannol inhibits cancer, inflammation, cardiac hypertrophy, and adipogenesis [24, 62, 63] . Furthermore, a recent study showed a renoprotective effect of piceatannol by attenuating early-stage nephropathy associated with obesity [64] , suggesting the potential efficacy of piceatannol in preventing renal fibrosis.
The area under the plasma concentration curve (AUC) represents the bioavailability of a drug as determined using the plasma drug concentrations. The AUC for piceatannol (8.6 μmol/h/L) was higher than that for resveratrol (4.1 μmol/h/L), suggesting that piceatannol has a higher metabolic stability [65] . A recent report showed enhanced absorption of piceatannol in rats when complexed with α-cyclodextrin [66] . Therefore, we hypothesize that piceatannol can be a useful phytochemical compound to treat or prevent renal fibrosis without causing side-effects.
In summary, our data show that piceatannol can suppress renal fibrosis as well as the expression of fibrosis-related genes in the UUO kidney. The anti-fibrotic effect of piceatannol may be associated with the downregulation of HDAC4 and HDAC5 in kidney fibrosis. Piceatannol inhibits the p38-MAPK signaling pathway, but not the TGF-β/Smad-dependent pathway. Taken together, we suggest that piceatannol can be a potential therapeutic agent in the treatment of renal fibrosis development.
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